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Abstract 
We report here sign reversal and tunability of exchange bias in AuFe cosputtered films of 
thickness ≈ 63 nm. As deposited film exhibits exchange bias effect at room temperature without 
external triggering field and its magnitude increases gradually with decrease in temperature down to 
5 K. Upon irradiation with 100 MeV Au
9+
 ions at a fluence of 5×10
13 
ions/cm
2
, hysteresis loop 
shifts completely from origin towards positive field side at room temperature and reverses sign 
when temperature is reduced to 5 K as studied by SQUID magnetometry. A well defined uniaxial 
magnetic anisotropy has been seen by magneto optical Kerr effect (MOKE) in as deposited film as 
well as in irradiated one. The results are explained on the basis of stress induced magnetic 
anisotropy in thin films.  
Introduction 
Spintronics aims to exploit the spin degree of freedom of electrons for an advanced 
generation of electronic devices. The major objective of such an advanced technology is to reduce 
power consumption while enhancing processing speed, integration density and functionality in 
comparison with present day complementary semiconductor electronics. Several major new 
developments, such as the magnetic tunnel junction [1] based on the tunneling magnetoresistance 
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[2], have already lead to significant steps forward. However, commonly used devices, e.g., in 
today’s hard disc drive read heads, or a future magnetic, fast and nonvolatile memory, rely on a 
ferromagnetic (FM) reference material that needs to be coupled to an antiferromagnetic (AFM) 
material. The interface coupling of these FM-AFM materials is known as exchange bias effect. A 
variety of systems such as nanoparticles [3], epitaxial bilayers [4-5] or polycrystalline thin films [6], 
have shown exchange bias effect. In all of them, exchange bias could be achieved when a FM is 
field-cooled from a temperature beyond the Neel point of AFM to a temperature much lower than 
that, or it is fabricated under an external magnetic field. Therefore, in addition to cooling, it is 
necessary to have an external field to trigger the exchange bias so that a loop shift in the 
magnetization curve can be observed [7-8]. However, some recently published papers have reported 
the observation of exchange bias without external magnetic field and referred as spontaneous 
exchange bias [9-10]. For example, very large spontaneous exchange bias has recently been found 
in several spin-glass-FM/AF nanocomposite systems under zero-field cooling procedure indicating 
that exchange bias can be realized without an external trigger field [9]. A truly practical device 
would be possible in future if instead of zero field cooling procedure, exchange bias could be 
realized at room temperature or temperature of operation could be raised to room temperature 
without any external field. 
In most of the reports, exchange bias field is found to be either positive or negative, but sign 
reversal of exchange bias field with tunability is rare. Zhang et al. [11] reported the tuning and sign 
reversal of exchange bias via increasing the maximum measurement field in Mn0.7Fe0.3NiGe alloy. 
The sign reversal of exchange bias by varying the temperature is reported in Sm0.975Gd0.025Cu4Pd 
[12] and La0.2Ce0.8CrO3 [13]. The tuning and sign reversal of exchange bias using external 
parameters like temperature and ion irradiation has potential applications in thermally assisted 
random access memory devices [14].  
The present study investigates AuFe alloy thin film. Combining the magnetic and optical 
properties of Au and Fe in a single nanostructure may develop interesting properties for spintronic 
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applications like large magnetic anisotropy [15], large magneto-optical responses [16], high 
magneto resistance [17] and spin Hall effects [18]. To the best of our knowledge, there are no 
reports available in literature on AuFe alloy thin film showing exchange bias effect. In the present 
study, spontaneous exchange bias is observed in AuFe alloy films, even though Au is known to be 
non magnetic and Fe is ferromagnetic in nature. Some reports have shown evidence of spin 
polarization transfer between the magnetic Fe and the non-magnetic Au, thereby inducing finite 
magnetization in Au [19-21]. The phenomenon of development of exchange bias effect in magnetic 
nanoparticles just by an introduction of non magnetic material is uncommon and its origin is still 
not understood. 
Since exchange bias is an interface phenomenon, introducing defects or disorder at the 
interfaces modifies the exchange bias properties. Ion irradiation offers unique possibilities to 
introduce defects and disorder at the interface and consequently modifying exchange bias [22]. 
Most of the ion induced modification studies on exchange bias systems are found in the low energy 
regime (eV – keV) [23-24]. Schmalhorst et al. [25] have studied the influence of ion bombardment 
in exchange bias properties of magnetic tunnel junctions. They observed that by ion bombardment 
in the presence of a magnetic field, exchange bias can be initiated without field cooling. Effect of 
low energy ion irradiation in exchange bias is well studied both theoretically and experimentally but 
studies on modification of exchange bias by high energy ion irradiation are rare.  
Au and Fe were cosputtered using RF magnetron sputtering technique to synthesize AuFe 
thin films. A fraction of 
57
Fe was also used during sputtering to make thin films active for 
Mössbauer spectroscopy. These AuFe films were irradiated with 100 MeV Au
9+
 ions at room 
temperature at a fluence of 5×10
13
 ions/cm
2
. Magnetic measurements of these films were performed 
using superconducting quantum interference device (SQUID), Magneto optical Kerr effect 
(MOKE), and Mössbauer spectroscopy. Hereafter AuFe film irradiated at a fluence of 5×10
13
 
ions/cm
2
 will be named as ‘irradiated film’ for convenience. 
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The room temperature Mössbauer spectra of the as deposited and irradiated film is shown in 
fig. 1. As deposited and irradiated film spectra were fitted with site distribution and hyperfine field 
distribution method respectively to get the isomeric shift (IS) and quadrupole splitting (QS).  
 
Fig. 1 Mössbauer spectra of (a) as deposited film, (b) irradiated film. 
The as deposited film spectra as shown in fig. 1(a) consists of a doublet with an IS of 0.41 mm/s 
and a QS of 0.77 mm/s relative to α-Fe. These characteristics show the superparamagnetic behavior 
of alloy nanoparticles in thin film. These values of IS and QS are consistent with the work of 
Mishra et al. [26] who reported the Mössbauer spectra of AuFe alloys. The irradiated film spectra as 
shown in fig. 1(b) consist of three ferromagnetic sextets (B1, B2, and B3) and two paramagnetic 
doublets (D1, D2). The fit parameters of different components are given in table 1.  The hyperfine 
field of 
57
Fe as reported in literature is 33.5 T [27]. Therefore, the hyperfine field of 33.8 T in the 
first sextet clearly proves the precipitation of crystallized Fe nanoclusters. The B2 and B3 sextets 
are ascribed to AuFe alloy nanoparticles in the ferromagnetic state and belongs to iron atoms 
surrounded by Au atoms. The change in state of some of the alloy nanoparticles in the thin film 
after irradiation is due to change in size of nanoparticles. After a critical size, alloy nanoparticles 
show ferromagnetic characteristics. In irradiated film spectra, the line ratios of magnetic 
components are 3:4:1, which is an evidence that the magnetic moment vector is aligned 
perpendicular to the angle of emission of 
57
Fe gamma rays i.e. it lies in the plane of AuFe films. 
The isomer shift (approx 0.3 mm/s) indicates that Fe is in the 3+ charge state. The small 
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contribution from doublets D1 and D2 are due to the presence of superparamagnetic nanoparticles 
still present in some small regions in thin film. This result is consistent with the observation of 
Mishra et al. [26] who observed such small regions in nanocrystalline AuFe powder. The spectrum 
shows no evidence of presence of an oxide phase.  
Table 1: 
Sample Peaks IS 
(mm/s) 
QS 
(mm/s) 
BHF 
(Tesla) 
Ratio 
L3:L2:L1 
% 
Area 
Pristine D 0.41 0.77 - -- 100 
5×10
13
 
ions/cm
2 
D1 0.36 0.87 -  10 
D2 0.37 2.09 -  3 
B1 0.25 -0.03 33.8 3:4:1 39 
B2 0.38 0.02 30.3 3:4:1 41 
B3 0.55 0.15 24.7 3:4:1 7 
 
SQUID measurements were undertaken to obtain the quantitative measure of the irradiation 
induced changes in the magnetic moment of thin films. As a means of investigating the range and 
distribution of blocking temperatures, we have measured the moment in a small, constant applied 
field of 50 Oe, after zero field cooling (ZFC) of the samples well above the maximum blocking 
temperature. The results of these measurements in as deposited as well as in irradiated film are 
shown in fig. 2(a). The bifurcation point of FC and ZFC curves (at 57 K) in as deposited and 5e13 
film is an indication of maximum blocking temperature, whereas the position of maximum in ZFC 
curve indicates mean blocking temperature. On irradiation not much changes in maximum blocking 
temperature was observed. The hysteresis loop at different temperature range for as deposited film 
is shown in fig. 2(b). The positive shift of hysteresis loop from origin at room temperature shows 
existence of spontaneous exchange bias in thin film. This shift in hysteresis loop increases from 
+3.5 Oe to +38.3 Oe as temperature is gradually reduced to 5 K. Note that in the present study no 
magnetic field was applied during deposition of thin film and no field cooling procedure carried out 
to induce ordering of spins. 
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Fig. 2 a) Temperature dependence of magnetic moment at a small and constant applied field of 50 
Oe, b) hysteresis loop of as deposited film at different temperatures, cc) hysteresis loop of 5e13 film 
at different temperatures, d) temperature dependence of exchange bias field in  as deposited and 
irradiated film. 
The observed spontaneous exchange bias in as deposited thin films may be interpreted in 
terms of interfacial stress induced due to lattice mismatch between Au and Fe. The lattice parameter 
mismatch develops an interfacial stress during deposition of thin film and this further enhances as 
the temperature of film is lowered [9]. It has been reported earlier that compacting magnetic 
nanoparticles under external pressure can result in the development of surface spin disorder [28]. 
These disordered spins are reported to be highly anisotropic and contributes to rise in magnetic 
anisotropy [29]. The coupling of these disordered or spin glass like surface spins with core spins of 
nanoparticles results in exchange bias [29]. This phenomenon is frequently seen in many exchange 
coupled nanoparticle systems where the pinning layer is a metastable disordered state [30-31]..  
Such a stress induced magnetic anisotropy can be along easy axis either in positive or negative 
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direction depending on compressive or tensile stress in thin film. Therefore magnetization being 
aligned along easy axis will be pinned at the interface to the core spins of nanoparticles and this 
pining gets stronger as the temperature gradually reduced to 5K which consequently results in 
increase in exchange bias field.  The magnetization measurements of irradiated film at different 
temperatures are shown in fig. 2(c). After irradiation, hysteresis loop completely shifts from origin 
with exchange bias field of +13.5 Oe at 300 K.  
 In literature the shift of exchange bias field in opposite direction with changing conditions 
is known as sign reversal [32] and as shown in fig. 2(d). There is almost no shift in hysteresis loop 
around maximum blocking temperature which is 57 K. Several groups have reported that exchange 
bias field approaches zero near TB in alloy film and value of TB varies widely with relative 
elemental concentration in alloys [33-35]. The sign reversal of exchange bias field observed at 5 K 
in fig. 2(c) could be interpreted as follows. The stress induced magnetic anisotropy field BA can be 
expressed as follows [9]: 
                                  (1) 
Where λs is magnetostriction coefficient, σ is stress and Ms is saturation magnetization of 
film. For tensile and compressive stress, σ has a positive and negative sign respectively. According 
to this equation, magnetic anisotropy field changes its direction depending on nature of stress 
present in thin film. For tensile stress BA is negative, and for compressive stress, it is positive. In 
irradiated film, stress most probably changes from tensile to compressive as the temperature is 
gradually lowered to 5K. With change in stress from tensile to compressive, magnetic anisotropy 
field changes its direction from negative to positive. Due to change in direction of magnetic 
anisotropy field in irradiated film, exchange bias field reverses its sign. Therefore, it is possible to 
tune the exchange bias field in either direction with variation in temperature. Fig. 3(a) and Fig. 3(b) 
gives the azimuthal angle dependent Kerr hysteresis loops for as deposited and irradiated film 
respectively.  
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Fig.3  Hysterisis loops at different azimuthal angles (a) as deposited film, (b) irradiated film, 
 (c) azimuthal angle dependence of remanence magnetization of as deposited film. 
The maximum magnetic field applied for MOKE measurements was 200 Oe. In 
corroboration with SQUID results, MOKE measurements also show shifted hysteresis loops, 
signature of exchange bias effect. Azimuthal angle dependence of remanence magnetization (polar 
plot) in as deposited sample is plotted in fig. 3(c). A well defined uniaxial magnetic anisotropy in 
AuFe film is evident from the polar plot.  
Conclusion   
AuFe cosputtered thin films (≈ 63 nm) prepared by RF magnetron sputtering were irradiated 
with 100 MeV Au ions. We have observed stress induced spontaneous exchange bias at room 
temperature which further increases with decrease in temperature of as deposited film. These films 
have a well defined uniaxial magnetic anisotropy. Further temperature dependent tuning and sign 
reversal of exchange bias has been observed which make it promising material for MRAM devices, 
is seen in irradiated AuFe films. Magnetization saturation values in these films are less than 100 Oe 
which makes them suitable candidate for low field sensor applications. 
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